Effect of growth oxygen pressure on anisotropic-strain-induced phase separation in epitaxial La0.67Ca0.33MnO3/NdGaO3 (001) 
Strain dependent stabilization of metallic paramagnetic state in epitaxial NdNiO 3 We report here the strain dependent study of epitaxial NdNiO 3 films deposited on LaAlO 3 and SrTiO 3 substrates using pulsed laser deposition. Electrical transport and magnetic properties of films are found to be controlled by the substrate induced strain. NdNiO 3 film on SrTiO 3 substrate exhibits behaviour similar to that of bulk NdNiO 3 , while stabilization of low temperature metallic paramagnetic phase has been observed for film deposited on LaAlO 3 substrate. Invariance of Raman spectra, with temperature, of the film on LaAlO 3 reveals that the melting of charge ordering under compressive strain is responsible for the stabilization of metallic phase at lower temperature. Complex transition metal oxides exhibit a variety of unusual phenomena due to interplay of various degrees of freedom, i.e., charge, spin, orbital, and lattice. Rare earth nickelates, having general formula RNiO 3 (R ¼ rare earth ion), belong to the family of distorted perovskite oxides. RNiO 3 (R 6 ¼ La) exhibits a sharp temperature dependent metalinsulator (M-I) transition and antiferromagnetic ordering. 1, 2 In nickelates, these transitions can be controlled by applying external hydrostatic pressure or by varying rare earth ionic radius. [1] [2] [3] [4] [5] Occurrence of insulating state in nickelates is supposed to be accompanied with charge ordering induced by a symmetry change from orthorhombic to monoclinic structure. [6] [7] [8] [9] [10] Charge ordering in monoclinic phase (P2 1 /n) at T < T MI is explained by the presence of two non-equivalent Ni sites inducing a charge disproportionation of type Ni 3þd þ Ni 3Àd
. Among rare earth nickelates, NdNiO 3 (NNO) in bulk form is metallic paramagnet at room temperature and exhibits insulating as well as antiferromagnetic transition at around 200 K. 1, 2 Since last few years, NdNiO 3 has been the focus of study due to its various physical phenomena, such as first order M-I transition, proximity to localized to itinerant electron behaviour and thermochromic properties.
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All such scientific and technological importance creates interest in the study of NdNiO 3 . However, these materials are hard to synthesize in bulk form as they require very high oxygen pressure and high temperatures for preparation. 1 Thin film deposition provides an opportunity to stabilize such metastable phases and gives rise to growth of near single crystal films induced by the epitaxial stabilization. Besides, certain strain states can be achieved in thin films by choosing the substrate of such lattice parameters, which may induce the desired compressive or tensile strain in the films. Different strain states may lead to variation in various properties of these materials. Reports are available on the transport properties on NdNiO 3 thin films where a change in the T MI has been observed for different substrates. [12] [13] [14] [15] All such variations may be related to the changes in crystallographic structural symmetry or distortion, which may take place by the substrate induced strain. Raman spectroscopy is known to be a versatile technique to systematically study the structural properties of thin oxide films. Raman modes are highly sensitive to any kind of structural distortion. Hence, structural variation controlling different physical properties of NdNiO 3 thin films under different kind of strain can be studied by the investigation of Raman spectra. In the present work, we report strain dependent study of NdNiO 3 thin film grown on two different substrates LaAlO 3 (LAO) and SrTiO 3 (STO), inducing different kinds of strain state in the deposited films. Further, the effect of substrate induced strain on the transport and magnetic properties has been studied in light of Raman spectroscopy.
Pulsed laser deposition technique was used to grow NNO thin films, of $200 nm thickness, on c-axis oriented STO and LAO single crystal substrates. The KrF excimer laser source (k ¼ 248 nm and pulse duration $20 ns) was used for the deposition of NNO thin films by ablating NdNiO 3 bulk target. To avoid any contamination and to obtain the good quality films, substrates were properly cleaned and the base pressure of the chamber was reduced to a value of $10 À6 Torr. Deposition was carried out at a temperature of 700 C and in oxygen environment with chamber pressure of 300 mTorr. After deposition, films were cooled down to room temperature in ambient oxygen pressure. During the deposition, the energy density of the laser beam was kept $2 J/cm 2 with repetition rate of 10 Hz. Deposited films were characterized by different techniques like x-ray diffraction (XRD), four probe resistivity measurement, and Raman spectroscopy. Detailed x-ray measurements were performed using a high resolution Bruker D8 advanced x-ray diffractometer with Cu K a source. Electrical resistivity of the films was measured by four probe resistivity method in the temperature range 5-300 K using Oxford He-cryostat. Raman spectra of the samples were collected, at different temperatures, using Jobin Yvon Horibra LABRAM Raman spectrometer with He-Ne laser source having wavelength 633 nm.
XRD h-2h scans of NdNiO 3 films deposited on different substrates have been shown in Fig. 1 . It reveals the highly c-axis oriented growth of NdNiO 3 thin films on both the substrates without presence of any impurity phase. Further, to find out the epitaxial growth of deposited films, /-scans along (110) planes were performed. Results obtained for both the substrates and NdNiO 3 film deposited on them are shown in Fig. 2 . In each case, we can observe four equally spaced peaks separated by an angle of 90
, indicating the cube-on-cube growth of films. On the basis of this four-fold symmetry, we can conclude that along with out-of-plane orientation NdNiO 3 films are also highly oriented in the plane and hence are epitaxial in nature.
From XRD patterns shown in Fig. 1 , we can observe that peak positions of the deposited NdNiO 3 films (shown by dotted line along (002) reflection) are different for both the substrates. It is the indication of the fact that the out-of-plane lattice parameter of the deposited film is different for both the substrates, i.e., 3.827 Å on LAO substrate and 3.805 Å on STO substrate. It should be recalled here that the pseudocubic lattice parameters of bulk NdNiO 3 is a N $ 3.81 Å (Ref. 1) which is greater than that of LAO (a L $ 3.789 Å ), but lesser than that of STO (a S $ 3.903 Å ). Therefore, LAO causes inplane compression in the film, which results in an expansion of out-of-plane lattice spacing. But, opposite phenomena occur in case of STO substrate. In-plane tensile strain reduces out-of-plane lattice spacing to a NS $ 3.805 Å . However, in spite of the larger mismatch of NNO with STO as compared to LAO, lattice spacing is less affected in case of STO substrate. It signifies that other relaxation mechanisms are important for NdNiO 3 film of this thickness on SrTiO 3 single crystal. Similar kind of phenomena has also been observed by different authors. 13, 16 Regardless of the observed small variation in lattice spacing on STO substrate, NdNiO 3 film will be under large interfacial strain due to lattice mismatch of film and substrate. Hence, the deposited film is responding differently under different kind of strain. In correlation to above discussion, in-plane lattice parameters, calculated using the in-plane XRD technique, are found to be $3.81 Å and $3.788 Å for the film deposited on STO and LAO substrates, respectively. Observed transport and magnetic behavior of NdNiO 3 film, discussed below, are dependent on this strain state.
For both the films, temperature dependent electrical resistivity measurements were carried out on heating and cooling cycles in temperature range 5-300 K (see Fig. 3 ). Electrical resistivity varies differently on LAO and STO substrates. In high temperature region, we observed positive temperature coefficient of resistivity, indicating the metallic character of the films on both the substrates. For the film deposited on STO substrate, semiconducting behavior is observed in the low temperature region. However, metal to insulator transition temperature, T MI , is around 175 K (calculated from the point of inflection of the resistivity curve) which is different from its bulk value ($200 K). Also, the observed increase in resistivity is smaller than that of bulk NdNiO 3 material. In oxide systems, various properties of the material can be influenced by the variation in oxygen stoichiometry. But, the oxygen deficiency in rare earth nickelates is known to enhance the metal insulator transition temperature. 17 Therefore, in present case, we believe that interfacial strain, which arises due to the difference in lattice parameters of substrate (STO) and film, may be responsible for observed difference in transport behavior of resistivity of thin film as compared to its bulk counterpart. Further, the thermal hysteresis is also observed in the electrical transport data of studied films, which is assumed to be present due to first order nature of transition. 3, 4 In case of films on LAO substrate, a rise in resistivity is observed around 118 K, but, with decrease in temperature, film again becomes metallic below 88 K (see Fig. 3(a) ). Such kind of unusual behavior in resistivity is also observed in bulk PrNiO 3 material under hydrostatic pressure. 3, 4 It is generally known that both metallic and insulating phases coexist in the hysteresis region and the percentage of insulating phase will grow with drop in temperature. 18 But, in the present case, reappearance of metallic phase at lower temperature may be due to slow growth rate of insulating phase and hence dominance of metallic phase. 3 In RNiO 3 systems, it is believed that system undergoes a charge ordered state below metal-insulator transition, and, in case of NdNiO 3 this order is of short range type. Hence, the observed metallic state at lower temperatures, under the in-plane compressive strain, may be due to the melting of the charge ordering in NNO film deposited on LAO. To further confirm this, we have studied the temperature dependent Raman spectra of these films.
For rare earth nickelates, it has been observed that antiferromagnetic ordering occurs in their insulating state. But, to compare our data, we do not find any previous report in literature on the strain dependent magnetization study of NdNiO 3 thin films. We have carried out the temperature dependent magnetization measurements of deposited films by applying an external field of 1 kOe (see Fig. 4 ). Contrasting magnetic behavior has been observed for the NdNiO 3 films deposited on different substrates. For STO substrate, NNO is paramagnetic at high temperature, but exhibits a plateau type region around 180 K (close to T MI ) below which a drop in magnetization takes place suggesting the occurrence of antiferromagnetic ordering. Neutron diffraction data 19 reveal a very unusual kind of magnetic structure in the nickelates where ferromagnetic (FM) bilayers are coupled antiferromangetically via superexchange across (111) O 2À ion planes. It is also known that substrate induced strain in the similar perovskite based manganite films is highly non-uniform. The non-uniform strain may lead to miscellaneous electrical and magnetic properties in the films. 20 Similarly, in the present study due to substrate induced strain, there may be different antiferromagnetic regions having different Neel temperatures, resulting in a broad transition region and the temperature dependent susceptibility data. Although, magnetic transition point cannot be defined sharply due to this broad feature, but, from the analysis of magnetization data it is evident that the magnetic ordering of NdNiO 3 can be varied by the substrate induced strain. For LAO substrate, deposited films have totally different magnetic behavior. Like stabilization of metallic state under in-plane compression, NNO film (on LAO substrate) does not exhibit any kind of magnetic ordering and remains paramagnetic even up to 5 K.
We observed the totally different electrical resistivity and magnetization behavior of NdNiO 3 films on the two substrates (LAO and STO), having different kind of strains. In order to elucidate the substrate dependent properties of NNO thin films, we have recorded their temperature dependent Raman spectra. Raman spectra of both the films recorded at 105 K, 160 K, 240 K, and 300 K are shown in Fig. 5 . In metallic phase, at high temperatures, NdNiO 3 possesses orthorhombically distorted perovskite structure with space group Pbnm. ). With this particular symmetry, 24 Raman active modes (7A 1g þ 7B 1g þ 5B 2g þ 5B 3g ) are possible. Very few reports are available on the Raman scattering study of NdNiO 3 , 7, 8 however, all the 24 active Raman modes are not observed. Poor intensity and/or overlapping of some of modes may be responsible for this. Also, due to the absence of single crystals, observed lines cannot be assigned to the specific modes. In the present work, spectra of both the films, measured at 300 K, match well with the previous reports.
NdNiO 3 in its monoclinic structure with space group P2 1 /n, at low temperatures (T < T MI ), also exhibits 24 (12A g þ 12B g ) Raman active modes which can be shown to be resulted from the (7A 1g þ 5B 3g ) and (7B 1g þ 5B 2g ) modes of Pbnm. 7 Hence, no extra Raman lines are expected for orthorhombic and monoclinic phases. In the metallic state of NdNiO 3 , with the orthorhombic structure, Raman lines do not shift with temperature. 7, 8 However, for any change in structure, we may expect a modification in spectral signature of some of the bands. Absence of any change in the spectra of NdNiO 3 /LaAlO 3 with temperature (see Fig. 5(a) ) suggests the invariance of structure, which indicates that charge ordering in this film may not be coherent. It leads to a phase co-existence type of scenario, where large regions are metallic and smaller ones are in charge ordered insulating phase. Such a scenario is known to occur in perovskite based manganite thin films, where it is known that nonuniform distribution of strain field gives rise to structural, electronic, and magnetic phase coexistences of varying length scales. 23 In the present case, re-appearance of metallic phase at lower temperature is an indication of unstable charge ordered phase, which converts into metallic phase at lower temperature. However, for SrTiO 3 substrate a significant change in spectra of the deposited film can be observed below and above metal-insulator transition temperature. Spectra at 300 K and 240 K (above T MI ), as compared to that of 105 K and 160 K (below T MI ), exhibit low wave number shift of some of the bands, from $255, 307, and 440 cm À1 to $247, 299, and 436 cm À1 , respectively. All such spectral changes represent the modification in the structure of system with change in temperature and may be an indication of charge ordering at lower temperatures (T < T MI ). Hence, the temperature dependent variation of electrical resistivity and that of magnetization, of both the films, is consistent to the changes in Raman spectra with temperature.
In summary, we have synthesized epitaxial NNO thin films on LAO and STO single crystals using pulsed laser deposition. Both the substrates induce different kind of strain on the deposited films due to difference in lattice parameters of the substrate and the film. We have observed this strain-controlled electrical transport and magnetic properties of NNO thin film. Spectral variation, in Raman data below T MI , observed for NNO on STO substrate points towards the existence of charge ordering effects in the insulating state. On LAO, metallic paramagnetic phase was stabilized at low temperatures. Invariance of Raman spectra at low temperature reveals that the melting of charge ordering under the compressive strain is reason behind this effect. Hence, using the epitaxial strain, we obtained NNO under normal conditions in a state which can only be obtained at very high pressures for bulk NdNiO 3 .
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